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Available online 20 July 2015AbstractThe most key materials in electrochemical energy storage devices are electrode materials mainly including inorganic cathode and anode
materials. However, inorganic electroactive materials often suffer from low conductivity, low capacity, low cycling life. In order to solve these
problems, much research work focused on the design of electrode materials and the construction of novel electrode structures in the field of
electrochemical energy storage. In this review, we reported the latest development of the design principles of the high-performance electrodes for
lithium ion batteries and supercapacitors. We mainly discussed three kinds of examples, blended electrode, integrated electrode and in-situ
formed electrode, to display the principles of electrode materials design and electrode construction. The new-developed integrated electrode
and in-situ formed electrode maybe the promising candidates for next-generation high-performance energy storage devices. In addition, we
conclude this review with personal perspectives on the directions toward which future research in this field might take.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Electrical energy storage is one of key routes to solve en-
ergy challenges that our society is facing, which can be used in
transportation and consumer electronics [1,2]. The recharge-
able electrochemical energy storage devices mainly include
lithium-ion batteries, supercapacitors, sodium-ion batteries,
metal-air batteries used in mobile phone, laptop, electric ve-
hicles, etc.[3e5] In battery systems, the charge storage
mechanisms include the insertion of secondary species into
solid electrodes, alloying and conversion reaction with sec-
ondary species (Hþ, Liþ, Naþ, Kþ) [6]. Electrode materials
with alloying and conversion mechanism often exhibit a much
higher specific capacity than that of the intercalation electrode
materials. Supercapacitors can provide larger power density
and longer cycling ability than rechargeable batteries. The* Corresponding author.
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creativecommons.org/licenses/by-nc-nd/4.0/).charge storage mechanisms of supercapacitors mainly origi-
nate from electrical double-layered capacitance (EDLC) at the
electrode/electrolyte interface and surface Faradaic redox re-
actions at the surface of electrode materials (named pseudo-
capacitance) [7]. To increase the energy density and
chargeedischarge rate of these devices, the electrode materials
should have high electrochemical activity, and can deliver
more charge with fast electron and ion transfer/diffusion rate
[8]. In order to achieve these goals, the design of active
electrode materials with high surface area, short diffusion
length, more active sites and high conductivity is more needed.
For example, hollow, 1D, 2D, porous, nanosize structural
materials have been designed to satisfy above demands
[9e11]. However, the pure inorganic electrode materials often
suffer from poor cyclability and low capacity, which is mainly
caused by their low conductivity and by the large volume
change during the chargeedischarge cycles [12,13]. In an
attempt to solve this problem, powdered electrode materials
are often blended with conductive carbon and polymer binders
to coat on the metal current collector, which are the standard
industrial electrode preparation methods [13,14]. However, theer B.V. This is an open access article under the CC BY-NC-ND license (http://
Fig. 1. Crystallographic structures of a-, b-, g-, d-, ε-, OMS-6, and todorokite-MnO2. Reprinted with permission from Ref. [17]. Copyright 2015 Royal Society of
Chemistry.
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use of many non-active materials.
The design of electrode construction forms is another
method to improve the electrochemical performance of these
electrochemical energy storage devices. For example, the in-
tegrated active materials/current-collector electrode can show
two main advantages: (1) the absence of both binder and
carbon black is favorable for the direct study of their
morphology and phase evolution upon electrochemical cycling
(2) the integrated active materials on current collector can
effectively enhance the electronic conductivity, and shorten
electron transfer length [15,16]. The in-situ formed electrode
in practical application environment can display high elec-
trochemical activity because it can form active structured
electrode materials compared with materials synthesis in the
separate environment.
Although the scalable fabrication and the cost of electrode
materials are also the key issues for the scale practicalTable 1
Discharge capacities of MnO2 samples obtained by hydrothermal only, micro
MnCl2eKMnO4 aqueous system as lithium-ion batteries. Reprinted with permissi
Reaction conditions Composition Ano
mA
1st
Hydrothermal only at 160 C for 1 h g 125
Microwave only for 10 min g 124
Microwave-hydrothermal at 160 C for 10 min g(dominant) 137
Microwave-hydrothermal at 160 C for 1 h b(dominant) 150application of energy storage devices, in this review, we
mainly focus on the study of the design principle of electrode
material and electrode structure in electrochemical energy
storage devices. Blended electrode, integrated electrode and
in-situ formed electrode are used as three examples to review
the recent progress about electrode material design and elec-
trode construction for high-performance electrochemical en-
ergy storage devices, mainly including lithium ion batteries
and supercapacitors.
2. Blended electrode
The blended electrodes, which are often used in commer-
cial electrochemical energy storage devices, are prepared by
blending electroactive materials (i.e., MnO2, CuO, Fe2O3,
LiMn2O4, LiFeO2) with conductive carbon and polymer
binders and coating on the current collector [17e20]. The
electrochemical performance of the blended electrode iswave only and coupled microwave-hydrothermal method in the designed
on from Ref. [27]. Copyright 2013 American Chemical Society.
de discharge capacity/
h g1
Cathode discharge capacity/
mAh g1
2nd 15th 1st 2nd 15th
9.4 354.4 84.5 168.3 137.9 88.7
4.2 256.4 26.9 181.9 175.1 129.2
9.7 636.3 286.7 151.1 111.9 77.6
5.4 446.9 196.0 57.9 39.5 28.3
172 K. Chen, D. Xue / Journal of Materiomics 1 (2015) 170e187mainly dependent on the electroactive materials. Recently, the
design of high-performance electrode materials mainly fo-
cuses on the control of their morphologies, sizes and structures
by different synthesis methods. In this section, we mainly
discussed Mn-, Cu- and Fe-based blended electrodes for
lithium ion batteries and supercapacitors.2.1. Mn-based blended electrodeMn-based materials are one kind of important electrode
materials used in batteries and supercapacitors. For example,
MnO2 materials are served as cathode in ZneMnO2,
LieMnO2 primary batteries, while MnO2, Mn3O4, Mn2O3Fig. 2. Electrochemical performances of MnO2 anodes obtained by microwavehyd
were measured as Li-ion battery anode materials at a rate of 100 mA g1 betwee
Reprinted with permission from Ref. [27]. Copyright 2013 American Chemical Somaterials are used as anode in lithium ion batteries [21,22].
LiMn2O4 materials are served as cathode in lithium ion bat-
teries [23,24]. MnO2 are one of the most studied electrode
materials for supercapacitors [20]. In order to improve their
electrochemical performance, Mn-based materials with
different structures, morphologies, sizes, are designed using
various methods, such as hydrothermal/solvothermal, solegel,
electrochemical, CVD strategies [20].
It is known that MnO2 can exist in different structural
forms, a-, b-, g-, d-, ε-, OMS-6, and todorokite-MnO2, when
the basic structural unit ([MnO6] octahedron) is linked in
different ways (Fig. 1) [17,25]. Based on the different [MnO6]
links, MnO2 can be divided into three categories: the chain-rothermal synthesis. Voltage profiles (aed) and cycling retention (e,f) of MnO2
n 0.01 and 3.0 V. Insets show crystallographic structures of b- and g- MnO2.
ciety.
173K. Chen, D. Xue / Journal of Materiomics 1 (2015) 170e187like tunnel structure such as a-, b-, and g-types, the sheet or
layered structure such as d-MnO2, and the 3D structure such as
l-type. Thermodynamic morphologies of MnO2 can be ob-
tained according to chemical bonding theory of single crystal
on the basis of their crystallographic characteristics. In addi-
tion, kinetic control can be used to synthesize various MnO2
morphologies.
The crystal structures and morphologies of MnO2 can in-
fluence their electrochemical performances as lithium ion
batteries or supercapacitors. Recently, polymorphs of a-, b-,
g-, and d-MnO2 nanostructures with sphere-, rod-, wire-,
plate- and flower-like morphologies have been synthesized by
a simple redox reaction between KMnO4 and NaNO2 aqueous
solution [26]. Served as supercapacitor, a maximum specific
capacitance of 200 F g1 was obtained for poorly crystallized
a-MnO2 at a current density of 1 A g
1. It should be noted that
the columbic efficiency of MnO2 supercapacitor can approach
100%. For different crystallographic MnO2 phases, their spe-
cific capacitance values increase in the order: b < g < d < a,
meanwhile, for any particular MnO2 phase, their capacitances
decrease with increasing crystalline nature and particle size
[26]. A proportional relationship between the specific capac-
itance of MnO2 and the percentage of effective Mn centers has
been established on the basis of a tunnel structureecrystalli-
zation behavior correlation [25]. A quantitative relationshipFig. 3. Cycling performances (a) and CV curves (b) of Cu2O with different morp
exposed {110} facets. Comparison of reduction peaks (c) and oxidation peaks (d) in
polyhedra. The cycling stabilities of the Cu2O anodes were obtained at a current rate
of 0.3 mV s1 and over the potential range of 0.01e3.0 V vs. Liþ/Li. Reprinted wbetween the effective Mn centers at the surfaces and in the
tunnels can distinguish the specific capacitance values that
arise from the adsorption/desorption and insertion/extraction
processes, respectively, of different MnO2 crystallographic
forms in the Faradaic charge storage.
In addition, a-, b-, and g- MnO2 have been crystallized by a
controllable redox process in MnCl2eKMnO4 aqueous solu-
tion with the use of coupled microwave-hydrothermal tech-
nique [27]. The microwave-driven redox reaction and
hydrothermal-driven crystallization process can quicken the
finding rate of high-performance electrode materials [28]. The
as-crystallized a-, b-, and g-phase MnO2 samples can show
interesting electrochemical performances for lithium-ion bat-
teries (Table 1). The electrochemical performance data indi-
cate that the mixture phase of b- and g-type MnO2 show the
largest discharge capacities, such as 220.7, 205.9 and
167.8 mAh g1 at different synthesis conditions after 30 dis-
chargeecharge cycles as shown in Table 1 and Fig. 2. The
discharge capacities of pure b-MnO2 are less than
100 mAh g1 after 30 cycles, while the capacity of a-MnO2 is
116.9 mAh g1. After 5th dischargeecharge cycles, the
columbic efficiency of MnO2 electrode can approach 100%.
The mix-phase of MnO2 can provide more grain boundary,
phase boundary for Liþ transfer, which can deliver high ca-
pacity than pure-phase MnO2. The present results prove thathologies: cubes, octahedra and truncated octahedra with different degrees of
CV curves. The insets in (a) show the corresponding SEM images of the Cu2O
of 100 mA g1. The CV curves were measured after 50 cycles at the scan rate
ith permission from Ref. [39]. Copyright 2015 Royal Society of Chemistry.
Fig. 4. SEM images of the as-prepared FeOOH nanorods by using FeCl3,6H2O solution with different FeCl3,6H2O concentrations: 0.1 (a), 0.2 (b), 0.3 (c), 0.4 (d),
0.5 (e), 0.6 (f), 0.7 (g), 0.8 (h), 0.9 (i) and 1.0 M (j). Reprinted with permission from Ref. [46]. Copyright 2015 Royal Society of Chemistry.
174 K. Chen, D. Xue / Journal of Materiomics 1 (2015) 170e187
Fig. 5. (a) CV curves of the as-prepared FeOOH nanorods with 0.1e1.0 M
FeCl3,6H2O precursor solutions at a scan rate of 100 mV s
1 in the potential
range from 1.2 to 0.45 V. (b) Constant current discharge curves of a-FeOOH
at a current density of 1 A g1 from 1.2 to 0 V. (c) The calculated specific
capacitance of the as-prepared a-FeOOH. Reprinted with permission from
Ref. [46]. Copyright 2015 Royal Society of Chemistry.
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order g- > a- > b-phase, and the mixed-phase MnO2 (b- and
g-MnO2) can provide better anode performances for lithium-
ion batteries. Electrochemical measurements show that the
intercalation-deintercalation reactivity of these MnO2 cath-
odes follows the order g- > a- > b-phase, the as-crystallized
MnO2 supercapacitors have Faradaic reactivity sequence a-
> g- > b-MnO2 upon their tunnel structures.
The design of Mn-based cathode materials also play
important role on the development of high-performancelithium ion batteries. Spinel cathode materials consisting of
LiMn2O4@LiNi0.5Mn1.5O4 hollow microspheres have been
synthesized by a facile solution-phase coating and subsequent
solid-phase lithiation route in an atmosphere of air [29]. When
used as the cathode of lithium-ion batteries, the double-shell
LiMn2O4@LiNi0.5Mn1.5O4 hollow microspheres show a high
specific capacity of 120 mAh g1 at 1 C rate, and excellent
rate capability (90 mAh g1 at 10 C) over the range of
3.5e5 V versus Li/Liþ with a retention of 95% over 500 cy-
cles [29]. Orthorhombic LiMnO2 (o-LiMnO2) material has
been synthesized under hydrothermal conditions using solegel
derived Mn2O3 and LiOH as precursors [30]. Galvanostatic
chargeedischarge test results showed that pure o-LiMnO2 had
larger discharge capacity than the mixed phases of o-LiMnO2
and Li2MnO3. However, the cycling performance of the mixed
phases of o-LiMnO2 with Li2MnO3 was found to be better
than that of pure o-LiMnO2. Recently, the LiMn2O4 electrode
materials were synthesized by the conventional-hydrothermal
and microwave-hydrothermal methods, which can be served
as supercapacitors in LiNO3 electrolyte and lithium-ion bat-
tery cathodes [23,24,31]. The capacitance of LiMn2O4 elec-
trode increased with increasing crystallization time in
conventional-hydrothermal route. In this case, LiMn2O4
supercapacitors had similar discharge capacity and potential
window (1.2 V) as that of ordinary lithium-ion battery cath-
odes [24]. In LiNO3 aqueous electrolyte, the reaction kinetics
of LiMn2O4 supercapacitors was very fast. Even, at current
densities of 1 and 5 A g1, aqueous electrolyte gave good
capacity compared with that in organic electrolyte at a current
density of 0.05 A g1 [24].2.2. Cu-based blended electrodeCu-based materials are often used as electrode materials for
electrochemical energy storage, i.e., CuO, Cu2O, Cu3O4,
Cu(OH)2 [32]. In order to improve their electrochemical per-
formance, the hollow, polyhedral, wire-like, sheet-like Cu-
based materials have been designed by various wet chemical
methods [33].
Recently, Cu2O hollow octahedra and Cu2O core@shell
structures were synthesized by room-temperature aqueous
reduction reaction between CuAc2 and N2H4 [34]. As
lithium-ion battery anodes, the Cu2O core@shell structures
show a higher capacity and better cycling stability than the
hollow octahedra because the core@shell structures can
endure large volume changes during electrochemical re-
actions and nanoparticles with small sizes (on shell) can
shorten the diffusion path of the Liþ ions and electrons. As
supercapacitors, the Cu2O core@shell structures have a
higher specific capacitance than that of the hollow octahedra.
In addition, Cu2O solid octahedra and spherical aggregations
were synthesized based on the hardesoft acidebase reactions
between N2H4 and inorganic salts [35]. Electrochemical
measurements indicated that Cu2O octahedra can show better
cyclability than that of spherical aggregations. These studies
open up a useful bottom-up strategy to design high perfor-
mance electrode materials.
Fig. 6. Digital image (a) and SEM image (b) of a GO aerogel. Digital image (c) and SEM image (d) of a graphene aerogel. Digital images (eeg) and SEM images
(h) of graphene paper. Reprinted with permission from Ref. [56]. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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different chemical activities that are of great importance in
practical applications. With a cubic crystal structure, Cu2O can
crystallize into various polyhedral morphologies, such as
cubes, octahedra, 26-facet polyhedra, and rhombic dodeca-
hedra [36e38]. Our recent work comprehensively investigates
the effect of the crystal plane on the electrochemical perfor-
mance of Cu2O [39]. Firstly, Cu2O polyhedra with different
morphologies, i.e., cube, octahedron and truncated octahedron,
with different degrees of exposed {110} facets, were synthe-
sized. Cu2O cubes show the highest capacity among these
Cu2O polyhedra. The present results prove that the {100}
facets of Cu2O display the highest electroactivities toward
redox reactions. In addition, the columbic efficiency of Cu2O
electrode can approach 100% after 5th dischargeecharge cy-
cles. The electroactivity sequence of the Cu2O crystal planes is
{100} > {111} > {110} (Fig. 3). However, the capacity of as-
obtained Cu2O samples is higher than theoretical value of
Cu2O. The additional capacity of as-obtained Cu2O samples is
due to the generation of CuO during electrochemical cycling,
which can conduct a two-electron redox reaction. The anode
performances of Cu2O polyhedra are dependent on its crystal
planes, and this can provide a novel route to design high
performance electrode materials for lithium-ion batteries.
1D nanostructures allow for 1D electronic pathways
allowing for efficient charge transport and better accommo-
dation of the large volume changes without the initiation of
fracture that can occur in bulk or micrometer-sized materials
[40]. Recently, we demonstrated an efficient room-temperature
chemical transformation route to CuO nanowires (NWs), from
irregular particles to NWs coupled with a series of phasechanges from CuCl, through Cu2(OH)3Cl, to Cu(OH)2, and
finally to CuO [41]. The room-temperature chemical trans-
formation of Cu(OH)2 NW to CuO NW can reserve the initial
NW morphology and made the as-synthesized CuO NW more
active in electrochemical reactions. As the anode materials for
lithium ion battery, these CuO NWs can exhibit a reversible
capacity of 696.1 mAh g1 after 40 dischargeecharge cycles
at the current rate of 100 mA g1. In addition, after 2nd dis-
chargeecharge cycles the columbic efficiency of CuO NW
electrode can approach 100%. The high lithium-storage ca-
pacity can be ascribed to the unique structure of these CuO
NWs with size of ~10 nm and grain boundaries on the NWs
surfaces, which show more active for the initial electro-
chemical reaction. CuO NWs and intermediate Cu(OH)2 NWs
can also be fabricated as pseudocapacitor electrodes; in KOH
electrolyte, their specific capacitances are 118 and 114 F g1
at the current density of 1 A g1. The room-temperature
chemical transformation route is promising to produce
advanced electrode materials for both lithium ion batteries and
supercapacitors.
2D nanostructure can also increase the electrochemical
performance of electrode materials. A chemical reaction
controlled mechanochemical route was developed to synthe-
size mass CuO nanosheets by manual grinding in a mortar and
pestle, which did not require any solvent, complex apparatus
and techniques [42]. The microstructure and reaction route can
be controlled by NaOH concentration according to the
involved chemical reactions. The resultant CuO nanosheets
materials with preferential nanoscale ribbon-like morphology
can show large capacity and high cycle performance with a
discharge capacity of 614 mAh g1 after 50 cycles with
Fig. 7. Electrochemical characterizations of graphene paper as a lithium-ion battery anode (a and b) and a supercapacitor electrode (cee). (a) Dischargeecharge
curves at a current density of 100 mA g1. (b) Cycle performance at different current densities. (c) CV curves of the graphene paper as a supercapacitor electrode at
different scan rates. (d) Specific capacitance of the graphene paper as a function of chargeedischarge rate. (e) Cycling test at a current density of 20 A g1 up to
5000 cycles. Reprinted with permission from Ref. [56]. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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environmentally friendly mechanochemical route is of great
interest in modern synthetic chemistry.2.3. Fe-based blended electrodeFe-based materials have been exploring for their wide ap-
plications in energy storage devices because of their abun-
dance, low cost and non-toxic properties. Various synthetic
methods have been carried out to produce Fe-based materials
with different morphologies, such as the solegel method,
hydrothermal, microwave synthesis, etc.[43e45] Recently, we
have synthesized FeOOH nanorods via the hydrolysis of
FeCl3$6H2O solution through a low-temperature hydrothermal
route (100 C) [46]. As shown in Fig. 4, the as-prepared
FeOOH products have 1D rod morphologies and the lengthsare increased with the increase of the concentration of
FeCl3,6H2O solution. It is reported that the acidic solution can
favor the crystallization of FeOOH bunches and FeOOH
nanorods, in which dissolution and recrystallization processes
can occur [47]. In this work, high FeCl3 concentration can
produce a more acidic solution that helps to grow longer
FeOOH rods.
The electrochemical performance of the as-obtained
FeOOH nanorods as supercapacitors is evaluated. The spe-
cific capacitances of FeOOH materials are 692.9, 714.8, 593.7,
589.3, 440.8, 520.8, 486.0, 345.4, 530.0 and 286.2 F g1
prepared in 0.1e1.0 M FeCl3,6H2O precursor solutions,
respectively (Fig. 5). The columbic efficiency of FeOOH
electrode can approach 100%. The specific capacitance de-
creases with the increase in concentration of Fe3þ. FeOOH
electrode materials obtained in 0.2 M FeCl3,6H2O solution
Fig. 8. Charge storage mechanisms of the graphene paper electrode in the traditional electrolyte system (a) and the redox-electrolyte system (b). (a) Graphene paper
electrode in the neutral Na2SO4 electrolyte, which displays electric double-layer capacitance with quasi-rectangular CV curves. (b) After adding redox-active
K3Fe(CN)6 to the Na2SO4 electrolyte, this supercapacitor system combines two charge storage mechanisms, pseudocapacitance and electric double-layer
capacitance. The novel electrode and electrolyte system can significantly increase the specific capacitance of supercapacitors. Reprinted with permission from
Ref. [57]. Copyright 2015 Royal Society of Chemistry.
178 K. Chen, D. Xue / Journal of Materiomics 1 (2015) 170e187display the highest specific capacitance of 714.8 F g1, which
is higher than reported values for FeOOH electrode materials.
High Fe3þ concentration increases Hþ concentration in the
reaction solution. A strong acidic solution can damage the
intact FeOOH structure by acidic etching. A large amount of
defects can be formed in FeOOH nanorods, which can hinder
the electron transfer in FeOOH nanorods, thus showing low
electrochemical performance.
In addition, we designed a simple hydrolysis reaction to
study the chemical roles of anions with different chemoaffinity
abilities to iron ions on the crystallization of FeOOH [48].
FeOOH products with different morphologies and sizes can be
crystallized by using commercial iron salts such as FeSO4,
FeCl2, FeCl3 and Fe(NO3)3. Their crystallization mechanisms
can be evidenced in terms of hardesoft acidebase theory,
which can control the chemical reaction and crystallizationprocess of FeOOH. FeOOH particles with high electroactivity
were successfully synthesized at 80 C via the use of a single-
source of iron salt in each corresponding experiment. Served
as electrode materials for supercapacitors, the as-obtained
FeOOH samples exhibit high specific capacitances of 441.2,
385.7, 577.3 and 619.6 F g1. An Ethylenediamine (EN)-
assisted hydrothermal route has been reported to produce high
performance Fe2O3 microspindles as pseudocapacitor elec-
trode materials [49]. A simple feasible nucleation-controlled
approach to produce size tunable Fe2O3 microspindles was
proved. It was found that a lower EN dose tailored smaller size
of particles, leading to a higher specific capacitance of
558.7 F g1. Moreover, this facile synthesis method provides a
huge opportunity for future practical applications of super-
capacitors. Iron oxide@C composites and lithium ferrites have
been synthesized by a cotton-template method as anode
Fig. 9. Schematic representation of the synthesis of integrated CuO/Cu anode via chemical and electrochemical oxidation of the Cu current collector. The
conversion reactions occurred within the limit of initial CuO microsheets, which include electrochemically driven nanocrystallization of CuO microsheets to CuO
nanoparticles. During the discharge/charge process, the release of Cu from the current collector can maintain high capacity of CuO anode in the designed integrated
anode system. Reprinted with permission from Ref. [59]. Copyright 2015 Elsevier.
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with 3D porous hollow secondary structures were prepared by
directly burning the cotton containing the iron salt (FeCl3 or
Fe(NO3)3) in air, and the Fe3O4@C composites with similar
structures were obtained by annealing a-Fe2O3@C under a N2
atmosphere. a-LiFeO2 and a-LiFe5O8 particles with sizes of
100e500 nm were also prepared using a similar method.
Electrochemical measurements showed that all these samples
demonstrated good electrochemical performances as Li-ion
battery anodes, especially a-Fe2O3@C derived from
Fe(NO3)3, which delivers a high reversible capacity of
990 mA h g1 at 100 mA g1 after 50 cycles. Both the porous
hollow secondary structure and the suitable amount of amor-
phous carbon are significant for the electrochemical perfor-
mances of the iron oxide@C composites. Such a method is
simple, rapid and inexpensive and may facilitate the prepara-
tion of other high performance electrode materials with porous
hollow structures.
3. Integrated electrode
The synthesis of active materials directly integrated to the
current collector can enhance the conductivity of electrodesince the intimate contact with the current collector facilitates
electron transfer processes, and avoids the use of binders and
conductive carbon. Thus, these integrated electrodes can
enhance the performance of the energy storage devices [51].
These integrated electrodes can be synthesized by hydrother-
mal route, electrodeposition, CVD, etc.[52] Most these
methods need heterogeneous growth of active materials on the
conductive substrate, which require the skillful design idea.
Graphene materials can form self-support conductive film,
serving as both active material and conductive substrate,
which have received much interest to serve as integrated
electrode for batteries and supercapacitors [53,54]. In this
section, we focus on the self-support graphene paper electrode
and heterogeneous grown integrated copper electrode.3.1. Graphene paper electrodeThe free-standing paper-like carbon-based electrodes show
potential applications in flexible energy storage devices, such
as wearable or rolling-up devices, which can display light
weight, flexibility, and high conductivity [55]. Recently, we
have designed folded structured graphene paper electrodes as
high performance lithium ion batteries and supercapacitors
Fig. 10. Electrochemical properties of CuO/Cu integrated anode. (a) Charge-discharge curves and (b) Cycling curves at current density of 100 mA g1 and
potential range of 0.01e3.0 V. Dotted line in figure indicates theoretical capacity value of CuO anode materials. (c) Rate capability curves at the current densities
from 0.1 to 1.5 A g1. (d) CV curves of CuO/Cu anode after 110 chargeedischarge cycles at the scan rate of 0.1 mV/s. (e) Electrochemical impedance spectra of
CuO/Cu anode. Inset shows Randle's equivalent circuit. (f) Plot of impedance phase angle versus frequency. Reprinted with permission from Ref. [59]. Copyright
2015 Elsevier.
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freeze-drying a homogeneous GO aqueous dispersion. Liquid
water can crystallize into ice solids, which served as “spacer”
between graphene sheets [54]. After the sublimation of ices,
3D porous structured GO aerogels were formed (Fig. 6 a, b).
Secondly, 3D graphene aerogel was formed by the thermal
reduction of 3D GO aerogel (Fig. 6c,d). Thirdly, graphene
paper electrode was formed by mechanical pressing of the
graphene aerogel (Fig. 6eeh). Served as lithium ion battery,
the first discharge and charge capacities of graphene paper are
1091 and 864 mAh g1 (Fig. 7 a, b). The second discharge and
charge capacities are 815 and 806 mA h g1. The corre-
sponding reversible specific capacity of the as-prepared gra-
phene paper can reach 557, 268, 169, and 141 mAh g1 at the
current densities of 200, 500, 1000, and 1500 mA g1,respectively. After 100 dischargeecharge cycles, the revers-
ible capacity is still maintained at 568 mA h g1 at
100 mA g1 (Fig. 7a,b). It should be noted that the columbic
efficiency of graphene electrode can approach 100% after
second dischargeecharge cycle. Served as supercapacitor in
1 M H2SO4 electrolyte, the graphene paper gives a specific
capacitance of 172 F g1 at a chargeedischarge rate of
1 A g1, and a capacitance of 110 F g1 can be obtained even
when the supercapacitor is operated at a fast rate of 100 A g1
(Fig. 7cee). These results show that the graphene paper
electrode is a potential candidate for electrochemical energy
storage devices with high reversible capacity, good cycle
performance, and high rate discharge/charge capability.
The theoretical maximum specific capacitance of the gra-
phene as supercapacitor electrode is calculated to be
Fig. 11. Ex situ SEM images for the identification of Cuþ long-range diffusion path during the first chargeedischarge cycles with different chargeedischarge
potentials. Discharge process (a, b) 1.36 V vs. Liþ/Li. Charge process (c, d) 1.6 V vs. Liþ/Li. The nanowire network was formed around CuO nanoparticles at
1.3e1.6 V vs. Liþ/Li, which can provide ion channels for mass diffusion (exchange). Reprinted with permission from Ref. [60]. Copyright 2015 Royal Society of
Chemistry.
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tances (most less than 300 F g1) of various synthetic gra-
phene materials are lower than theoretical value. In order to
further improve its capacitance, we introduced redox-
electrolyte K3Fe(CN)6 into a graphene paper electrode and
KOH electrolyte. 95-fold increase in the specific capacitance
was obtained in KOHeK3Fe(CN)6 electrolyte compared with
the value obtained in KOH only electrolyte [54].
Furthermore, we design a novel supercapacitor system with
a graphene paper electrode in K3Fe(CN)6eNa2SO4 redox-
electrolyte based on the system-level design principle
(Fig. 8) [57]. In a neutral electrolyte, the capacitance values
were 475 mF cm2 in 0.3 M K3Fe(CN)6e1 M Na2SO4 redox-
electrolyte and 93 mF cm2 in 1 M Na2SO4 electrolyte with
the potential interval of 1.6 V and the current density of
20 mA cm2. By combining electric double-layer capacitance
and pseudocapacitance, the specific capacitance could be
increased 5-fold compared with the conventional electro-
deeelectrolyte system. More importantly, the potential inter-
val could reach as high as 1.6 V beyond the limited operating
voltage of water (~1.23 V). After 5000 continuous cycles, 94%
of the initial capacitance was retained. The superior electro-
chemical performance of the graphene-paper electrodes in theK3Fe(CN)6 electrolyte can be explained by the following
factors: (1) additional pseudocapacitance contribution from
the Fe(CN)6
3/Fe(CN)6
4 couple, (2) high conductivity of the
supercapacitor making electron and ion transfer more efficient
and (3) no adverse effect from the binder as the system is
binder-free. The designed graphene-paper-electrode/redox-
electrolyte system can provide a versatile strategy for high
capacitance supercapacitor systems.3.2. Cu-based integrated electrodeCopper foil is the often used commercial anode current col-
lector for lithium ion batteries. The direct growth of Cu-based
active materials on copper foil can provide a flexible method to
construct integrated electrode.With copper foil as copper source,
Cu-based materials can be formed by oxidizing copper foil in
vapor or solution. Recently, we reported a facile vapor-phase
strategy for the crystallization of copper oxide on Cu foil sub-
strate in air and the further fabrication of integrated CuxOeCu
electrodes with CuxO readily on the Cu foil current collector,
without using conductive carbon and binder [58]. The integrated
CuxOeCu electrodes can show better cycling stability and higher
capability than those CuxOeC blended electrodes.
Fig. 12. Schematic drawing shows chemical processes of colloidal electrode in KOH aqueous electrolyte. Electrochemical measurement was performed to this
electrode immediately (a). After undergoing chemical and electrochemical reactions, electroactive Mn7O13$5H2O colloids were formed in electrode (b,c). Faradaic
reactions of electroactive Mn7O13,5H2O colloids occurred at the same time and electrode, with the corresponding cation reactions of Mn
2þ ↔ Mn3þ and
Mn3þ ↔ Mn4þ (d). Reprinted with permission from Ref. [71]. Copyright 2015 Elsevier.
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the Cu current collector were also formed by the oxidation of
metal Cu foil with (NH4)2S2O8 in alkaline aqueous solution
(Fig. 9) [59]. As shown in Fig. 10, after 110 dischargeecharge
cycles, the discharge capacity of CuO/Cu integrated anode
retains a large value of 706 mAh g1, which is beyond the
theoretical capacity of CuO materials (674 mAh g1). The
columbic efficiency of CuO/Cu integrated anode can approach
100% after second dischargeecharge cycle. During electro-
chemical cycling, nanocrystallization of CuO microsheets via
electrochemical reaction was occurred, which lead to the
formation of CuO/Cu integrated anode with CuO nanoparticle-
aggregated microsheets on Cu current collector (Fig. 9).
Redox peaks in CV curves after 110 dischargeecharge cycles
show the creation of CuII1xCu
I
xO1x/2 (0 < x < 0.4) solid so-
lution, Cu2O phase, and metal Cu. The excellent electro-
chemical performance of CuO/Cu integrated anode can be dueto the following reasons: (1) the in-situ formed reactive
nanoparticles under electrochemical reactions, (2) the active
grains with size < 10 nm are interconnected and form a
continuous network within CuO/Cu integrated anode, which
provides a short pathway for local electron transport, (3) the
abundant interface, formed between nanoparticles, provides a
pathway for ionic transport and (4) the additional capacity of
CuO anodes can be attributed to the release of Cu from Cu
current collector by in-situ electrochemical redox reaction.
In addition, the integrated electrode is also a good platform
for studying electrochemical reaction mechanism because the
absence of negative influence of binder and conductive carbon.
With the use of CuO/Cu integrated materials as lithium ion
battery anodes, we found the existence of a Cuþ ion long-
range transfer path at the potential widow of 1.30e1.60 V
during both charging and discharging processes (Fig. 11) [60].
The nanowires networks hanging between CuO nanoparticles
Fig. 13. Electrochemical performance of colloidal supercapacitors. (a) The discharge and (b) charge curves measured at various current densities and potential
interval of 0.8 V. (c) The specific capacitance upon current density. (d) CV curves obtained at potential range of 0.6-0.45 V and scan rate of 5 mV s1. (e) CV
curves obtained at different scan rates and potential range of 0.6e0.45 V. (f) The long-term cycling stability of MnCl2,4H2O colloidal supercapacitors was
measured at a current density of 30 A g1. Reprinted with permission from Ref. [71]. Copyright 2015 Elsevier.
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integrated anode. It has been reported that lithium can diffuse
into a Cu current collector beyond the active material by long-
range diffusion [61]. The finding of the Cuþ ion diffusion path
is helpful for displaying the real electrochemical reaction in
lithium ion batteries. This work provides new insights into the
conversion reaction of inorganic anode materials, and can
favor the development of high-performance conversion anodes
for lithium-ion batteries.
4. In-situ formed electrode
Traditionally, the synthesis environment and the testing
environment of electrode materials are different, which lead to
the change of electrode materials when they were transferred
from synthesis environment to testing environment. It is
believed that in-situ formed electrode materials in testing
environment can display high electrochemical activity because
it can form active structures in the in-situ growth process.
Recently, we have developed the in-situ formation of super-
capacitor electrode [62e70]. In these supercapacitor systems,
multiple-valence metal salts can be in-situ transformed into
electroactive colloids in an alkaline electrolyte and these
colloids can fully participate in Faradaic reactions resulting in
high electrochemical performance. These multiple-valence
metal cations include Cu2þ, Fe3þ, Co2þ, Ni2þ, Mn2þ, Sn4þ,
Ce3þ, Yb3þ, and Er3þ ions with ionic electronegativity values
in the range 1.2e1.5. These in-situ formed supercapacitor
electrodes can show ultrahigh specific capacitance.As shown in Fig. 12, with the commercially available MnCl2
salts as starting materials and KOH as electrolyte, the electro-
active colloids synthesis and subsequently integrating into
practical electrode structures occur at the same spatial and
temporal scale [71]. Highly electroactive Mn7O13,5H2O col-
loids are formed in-situ by electric field assisted chemical
coprecipitation in KOH solution. Fig. 13 a and b shows the
discharge and charge curves. The specific capacitance values of
Mn cations are 2082, 1610, 1174, 720, and 382 F g1 at the
current densities of 10, 20, 30, 40, 50 A g1 and the potential
interval of 0.8 V (Fig. 13c). The highest specific capacitance of
2518 F g1 at the current density of 5 A g1 and the potential
interval of 0.8 V is obtained on the basis of the weight of Mn
cations. Redox peaks in CV curves are corresponding to Fara-
daic redox reactions (Fig. 13d,e). A1 and C1 peaks represent
oxidation and reduction of Mn3þ ↔ Mn4þ, while A2 and C2
peaks represent oxidation and reduction of Mn2þ↔Mn3þ. The
long-term cycling stability of MnCl2 electrodes was measured
with galvanostatic chargeedischarge at the current density of
30 A g1 for 5000 cycles (Fig. 13f). The capacitance retention
can reach 67% after 5000 cycles. These results confirm that the
highly electroactive colloid was formed in the designed
MnCl2eKOH system and the in-situ formed colloidal pseudo-
capacitor system is a novel route to engineer electrochemical
performances of inorganic pseudocapacitors.
The in-situ formed colloidal electrode can be further
extended to binary cations system. For example, a “combi-
natorial transition-metal cation pseudocapacitor” was reported
by designing combinatorial transition-metal cation
Fig. 14. Electrochemical performance of FexCo1x (0  x  1) salt electrodes in 2 M KOH electrolyte. (a) CV curves at a scan rate of 5 mV s1 and the potential
range of 0.1 to 0.45 V. (b) The discharge and (c) charge curves measured at a current density of 3 A g1. (d) Variation of the specific capacitance as a function of
the ratio of x (0  x  1) at a current density of 3 A g1. Reprinted with permission from Ref. [72]. Copyright 2015 Royal Society of Chemistry.
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Mn2þ, Fe2þ, Co2þ, and Fe2þ cations in KOH aqueous elec-
trolyte [72]. Binary multi-valence cations were crystallized in
colloid form through an in-situ coprecipitation under electric
field. Fig. 14 shows electrochemical performance of binary
FexCo1x (0  x  1) salt electrodes in 2 M KOH electrolyte.
A pair of redox peaks is observed in the CV curves, showing
the pseudocapacitive characteristics, which correspond to
redox reaction: Co2þ ↔ Co3þ, Co3þ ↔ Co4þ, Fe2þ ↔ Fe3þ
(Fig. 14a). The Fe0.7Co0.3 electrode displays the highest value
of 11,789 F g1 in the potential interval of 0.38 V and at theTable 2
Comparison of the supercapacitor performances of metal oxides/hydroxides and c
Royal Society of Chemistry.
Material Specific
capacitance (F g1)
Electroly
Co3O4 [73] 1063 (10 mA cm
2) 6 M KO
Co(OH)2 [74] 1180 (4A g
1) 1 M KO
a-Fe2O3 [75] 340.5 (1A g
1) 1 M KO
NiO/rGO [76] 1077 (1A g1) 6 M KO
Ni(OH)2/Ni [77] 3152 (4A g
1) 3% KOH
MnO2/Au [16] 1145 (50 mV s
1) 2 M Li2
NieCo oxide [78] 1846 (1A g1) 2 M KO
Fe0.7Co0.3 [72] (3A g
1) 2 M KOcurrent density of 3 A g1 (Fig. 14bed). The specific capac-
itances of Fe0.6Co0.4 and Fe0.8Co0.2 electrodes are 6375 F g
1
and 8793 F g1, respectively. As shown in Table 2, the
Fe0.7Co0.3 electrode shows the highest capacitance among the
reported values of various pseudocapacitive materials. In
contrast to the reported electrode materials synthesized by
traditional methods [79e81], our designed highly active ma-
terials were in-situ formed by electric field assisted chemical
coprecipitation. The in-situ formed electroactive colloids can
create short ion diffusion paths to enable the fast and revers-
ible Faradaic reactions.olloidal electrode. Reprinted with permission from Ref. [72]. Copyright 2015
te Potential range (V) Ion specific
capacitance (F g1)
H 0e0.38 4343
H 0.1e0.45 1881
H 0.1e0.44 976
H 0.1e0.4 1371
0.05e0.45 4978
SO4 0e0.8 1812
H 0e0.37 7559
H 0e0.38 V 11789
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After so much intensive study on electrode materials,
electrochemical energy storage field has been facing many
progresses. Many new electroactive materials with high ca-
pacity, electrode materials with novel structures and new
electrode construction forms are being found. The effects of
phases, sizes and morphologies of electrode materials on
electrochemical performance of energy storage devices have
been explored by many research groups. These advances are
being realized by the increase of the understanding of charge
storage mechanism of electrode materials, which, in turn, can
guide the design of new state-of-art electrode materials with
high electrochemical performance. However, the finding of the
exact physical and chemical process of charge storage mech-
anism is still challenging. The commercially used blended
electrodes are easy for large-scale industrial manipulation,
which have been used for long time since the battery
commercialization. Therefore, the electrode materials design
is needed to improve the electrochemical performance of
lithium ion batteries and supercapacitors for a long time. The
new optimized electrode structures are urgent to obtain fast
electron transfer rate and the maximization ratio of active
materials in electrode. The integrated electrode and in-situ
formed electrode should be put more attention, which maybe
the promising candidates for next-generation high-perfor-
mance energy storage devices. In addition, for the scale
practical application of energy storage devices, the scalable
fabrication and the cost of electrode materials are also need to
take into account.
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